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Abstract

A rod in cross flow is a technique known for its simple and effective means of suppressing cavity
tones. Although several hypotheses have been put forward regarding its working principle, no
validated explanation exists. In the present study we investigate whether the cylinder, through its
wake, changes the stability characteristics of the shear layer that develops over the cavity. The
present study pertains to a shallow cavity of length to depth ratio of 2, for subsonic Mach numbers
ranging from 0.5 to 0.8. The upstream boundary layer was found to be turbulent for all cases
considered. We use linear stability theory in the spatial, compressible and inviscid formulation
for our study. We construct artificial velocity profiles that are prototypical of the experimentally
measured velocity profiles, to investigate how the wake of the cylinder influences the stability of
the shear layer. Comparison of these integrated growth rates with the acoustic suppression data
showed that the link between the two is weak. Thus the ability of the rod to suppress cavity
resonance is not directly explained by linear stability analysis of the modified shear layer, for the

configurations considered.



I. INTRODUCTION

Flows over cavities have been the subject of active research for several decades for the
richness of the physics involved and their occurrence in many practical situations. Under
certain conditions these flows produce intense acoustic tones, also known as cavity tones, at
discrete frequencies. The significance of cavity flows is not just limited to the acoustic fields
they produce. The distinctive pressure and velocity fields produced by this phenomenon are
of equal importance.

There are a mumber of practical situations where flows over cavities are a concern. The
flow over the wheel-well of an aircraft during take-off or landing is one of the most common
examples of such a situation. The study by Heller and Dobrzynski! suggested that the wheel-
well was an important source of noise during landing approach. As mentioned earlier, it 1s
not just the large acoustic amplitudes, but also the altered flow field that could interfere with
the performarce of systems placed in the vicinity of the cavity. Under certain conditions,
the presence of cavity is found to increase drag (McGregor and White?) and change the
aerodynamic as well as stability characteristics of projectiles (Sahoo, Annaswamy and Alvi®).
Steep density gradients and vortex-like structures associated with the intense acoustic waves
emanating from the cavity are found to interfere with airborne optical systems mounted on
aircraft. In ramjet combustors, the coupling between the cavity tones and the combustion
dynamics is a serious concern since it may limit the performance of the engine (King, Creel
and Bushnell’, Najm and Ghoniem®). In the casc of gas transportation through conduits
attached with closed side branches, the cavity iustability phenomenon may be manifested in
the form of unsteady gas flow (Kriesels et al.) and structural vibrations (Martin, Naudascher

and Padmanabhan’).

II. BACKGROUND AND MOTIVATION

Historical perspectives on the physics of cavity flows can be obtained from the papers
of Rockwell and Naudascher® and Chokani®; these papers provide a comprehensive review
enicompassing a range of topics such as classification of the cavity flows, parameters that
influence the cavity oscillations, theoretical models and suppression strategies. More re-

cently, the reviews by Cattafesta et al.'® and Rowley and Williams'! have focussed on the




classification and methodology of cavity resonance control techniques.

A. Physical Mechanism

Cavity tones are an example of a self sustained acoustic oscillation phenomenon that
relies on the feedback loop comprising of interaction of the unstable shear layer with the
aft wall and upstreamn propagation of acoustic waves towards the leading edge of the cavity.
Figure 1 shows the schematic of this acoustic feedback loop. As shown in this figure, when
the unsteady shear layer immpinges on the downstream edge of the cavity. it gives rise to
pressure disturbances. When these pressure disturbances, i.c., acoustic waves, reach the
upstream edge of the cavity, they strengthen the nascent shear layer instabilities. Thus.
the feedback loop between dowustream-traveling hydrodynamic disturbances in the shear
layer and the upstream-traveling acoustic disturbances is closed. This feedback loop gives
rise to tense acoustic tones of discrete frequency, known as cavity tones. Jet impingement
tones (Tam and Ahuja!?), screech tones (Raman'®), edge tones (Crighton'?), and ring tones
(Howe!®) are some of the other self sustained acoustic oscillations which share the same
physical mechanism as the cavity tones.

Some of the earliest predictions of the cavity toue frequency were based on the normal
modes of cavity resonance (East'®). However, these predictions were restricted to deep
cavities at very low Mach numbers. At higher Mach numbers the cavity tone spectrumn
showed the presence of multiple tones. These tones were not harmonics of each other, hence
could not be explained using normal acoustic modes of the cavity. Powell!” explained the
mechanism of self sustained acoustic resonance within the framework of the acoustic feedback
loop. Using the edge tone phenomenon, he argued that the time taken by the large scale
structures to reach the edge and time taken by the acoustic waves to propagate back to the
nozzle lip should be an integral multiple of the resonant time scale. Ay mismatch in time
could be reconciled by incorporating a term that accounts for the phase shift between the
hydrodynamic and acoustic waves. Rossiter'® was the first to apply this model to cavity
tones. In its mathematical form, the cavity tone resonance frequency is predicted using the

following equation:

I m-—v
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Here, the subscript ‘+’ denotes frecestream properties, whereas the subscript -’ denotes
properties within the cavity. The coefficient ‘x’ is the ratio of the velocity of the convective
disturbance (U,) and the freestream velocity (U ), and ‘v is the phase ambiguity between
the hydrodynamic and acoustic waves. The model was intended to be semi-emnpirical in
nature, in the sense that the coefficient (k) was found using experimental measurements,
and the constant (v) was chosen arbitrarily to be a value that best fit experimental data.
However, in the absence of experiinental measuremnicnts to determine the convective velocity,
the value of ‘x’ can also be arbitrarily chiosen such that the theoretical frequency calculated
using equation (1) matches experimental data. Bilanin and Covert!? nade an attempt
to calculate the value of x and v through a theoretical analysis for Mach numbers ranging
between 0.8 and 3. According to them, the presence of two or more non-harmonic frequencies
in the cavity tone spectrum can be attributed to the participation of corresponding vortex-
sheet displacement modes. Despite the fact that this model was frece from any empirical
constants, it had some shortcomings. It did not take into account the effect of cavity depth
or shear layer thickness. Later, Tam and Block?® extended this model to include the effect
of momentum thickness, #, and aspect ratio, L/D, by taking the reflection of acoustic waves

from the floor of the cavity into account.

B. Cavity Resonance Suppression Efforts

There have been numerous documented atteinpts to suppress resonant cavity tones using
various flow control techniques, both passive as well as active®! in nature. Oue of the simplest
methods to suppress high amplitude cavity oscillations is to put a spoiler of appropriate
height at the leading edge of the cavity. It has been shown that spoilers having saw-toothed
shaped upper surfaces which span the entire width of the cavity, physically loft the shear
layer, thereby reducing the interaction between the shear layer and cavity downstream edge,
thus providing resonance suppression. Early efforts on exploring the efficacy of the cylinder
in crossflow as a device to suppress the cavity tones were undertaken by McGrath and
Shaw?2. Ukeiley et al.?® compared the performance of a simple fence-type spoiler with that
of the cylinder in crossflow and found that despite the prominent shear layer lift-off effect
produced by the spoiler, the cylinder in crossflow proved to be more efficient in suppressing

the cavity tones.




Stanek et al.?4%6 did extensive work on cavity tone suppression using a cylinder in cross-
flow. They were able to demonstrate the effectiveness of the cylinder in crossflow as an
actuator for wide range of Mach numbers and cavity dimensions. By securing correctly
designed end plates, they were able extend the suppression performance of cylinder beyond
the subsonic range of freestreamn Mach numbers. They also attempted to understand the
governing physical mechanism leading to cavity resonance suppression using the cylinder in
crossflow. They hypothesized that the resonance suppression resulting from the use of the
cylinder in crossflow was due to either (i). Lifting-off of the shear layer, (ii). High frequency
forcing of the shear layer, or (iii). Altered stability characteristics of the shear layer.The
conjecture of shear layer lift-off was explored by Arunajatesan, Shipnian and Sinha?’. They
concluded that in the presence of cylinder at the upstream edge of the cavity, the oncoming
flow was obstructed and deflected upwards, thereby impairing the efficiency of its interaction
with aft wall necessary for the cavity tone generation.

The hypothesis of high frequency forcing as an agency behind the cavity tone suppression
has its roots in the work of Wiltse and Glezer?®. They found a dramatic alteration in the
development of a turbulent shear layer upon perturbing it at very high frequency. They
showed that exciting the shear layer in its transitional region at a frequency three to four
times higher than its natural unstable frequency, resulted in dramatic increase in the turbu-
lence dissipation rates. Numerical simnulations of Cain et al.?%3° showed that in addition to
an increase in the turbulence dissipation rates, there was also a reduction in the turbulence
production rates associated with high frequency excitation. Stanek et al.3! argued that vor-
tices shed by the cylinder at very high frequency may provide the necessary perturbations
to the shear layer developing over the cavity to constitute the case of high frequency forcing.
The high frequency forcing, in the form of vortex shedding, is considered to interfere with
the development of the instability waves within the shear layer; and consequently with the
mechanism of cavity tone generation.

The wake behind the cylinder changes the mean velocity profile of the shear layer. It
has been argued that the time averaged shear layer profiles dowistream of the cylinder in
crossflow configuration are more stable compared to the mixing layer profiles observed for a
baseline configuration with no control. Thus, the cavity tone suppression due to the cylinder
could be attributed to the modification of the shear layer velocity profile and its stability

characteristics.
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C. Methodology of Current Work

In the present study we intend to investigate the working principle of the rod in cross flow
actuator, with the focus on evaluating the stability hypothesis using experimental data and
theoretical calculations. The current paper begins with a description of the experimental
facilities and instrumentation used in our study. This is followed by a section which intro-
duces the spatial linear stability problem for two-dimensional, locally parallel, compressible,
inviscid flows. In this section we discuss the nature of the mean velocity profiles for the
classical shear layer flow as well as the modified flow downstream of the cylinder i1 crossflow
conﬁguration. For this latter configuration, the modified mean velocity profiles downstream
of the cylinder are referred to as the ‘hybrid profiles’ and contain five adjustable paranieters
that can be suitably varicd in order to best fit the experimentally measured mean velocity
profiles. The discussion section which follows is divided into four subsections. In the first
subscction, we present results and discuss the acoustic data acquired for the baseline flow
(i.e. flow without any control technique) and the control flow (obtained by placing the cylin-
der at several different locations). Next, the stability charactcristics of the liybrid velocity
profile are discussed with regard to thc number of unstable modes as well as the changes
in these instability characteristics with change to the profile parameters. This is done by
creating synthetic profiles by changing the various paramicters and studying the correspond-
ing changes in the stability characteristics (instability growth rate and phase velocities).
Following this, we turn our attemntion to the stability characteristics of the experimentally
measured mean velocity profiles. In this regard we first present mean velocity profiles mca-
surcd downstream of the cylinder in crossflow. These profiles were measured by changing
the transverse and streamwise location of the cyliuder. Finally, we discuss the relevance of
our stability results when examined in the light of the resonance suppression bencfits of the

cylinder in crossflow configuration.

III. EXPERIMENTAL FACILITIES AND INSTRUMENTATION

The prescnt set of experiments were conducted at the High Speed Flow Facility in the
Fluid Dynamics Research Center of the Illinois Institute of Technology. Compressed air

passes through a plenum before exiting into tlie ambient from a rectangular slot nozzle



having dimensions 10.17 mm. x 50.80 mm. (0.4 in. x 2.0 in.). The interior of the nozzle has
an clliptical contour in order to ensure smooth flow at the exit. Figure 2 shows a schematic
of the experimental setup along with the location and orientation of the coordinate axes.
An aluminum block containing the cavity (L/D = 2) in the form of a rectangular cutout
is mounted flush with the bottomn edge of the nozzle. The cavity is located equidistant
from the transversc cdges of the nozzle and has dimensions of length L = 25.4 mum, width
W = 25.4 mm, and depth D = 12.7 mum (1.0 in. x 1.0 in. x 0.5 in.). The jet flow over
the block provides the freestream of air that flows over the cavity. It was verified that the
arca where the cavity was located lay within the potential core of the jet thereby ensuring
a uniform freestream flow over the cavity. For the cavity tone suppression experinents, a
cylinder having diamecter, d = 0.794 mun (1/32 in.), and length of 34.93 mm (1.375 in.)
was used. It was secured upstreain of the cavity leading edge using two end plates having
dimensions 12.57 mm x 25.4 mun x 3 mm. Note that we wanted the rod diameter to be
small enough to have the shedding frequency of the rod an order of magnitude higher than
that of the cavity tone frequency, but at the same tiime we wanted it to be stiff so that it
would not vibrate. Additionally, we wanted the rod to be smaller than or at lcast equal to

126 examined cylinders of various diamneters and

the boundary layer thickness. Stanek et a
found the one with d = 2/34, where ¢ is boundary layer thickness, to be the most effective.
Keeping in mind all these design criteria, we found 0.794 mm (1/32 in., which is a standard
available size) to be a suitable choice. Experiments were performed for cylinders placed at
several different locations in the X and Y direction to investigate the effect of cylinder on the
stability and the cavity tone suppression. Varlous control configurations were obtained by
changing the gap, g, which is the distance between the ground and the cylinder centerline,
and its axial location in the X direction. Table I gives details of these different locations.
along with the nomenclature of the configurations used in the present work. Note that the
location where g/d = 0.50 corresponds to the case where the cylinder was resting on the
ground at the leading edge of the cavity. In order to measure the cavity acoustics, a Briiel
& Kjeer condenser microphone, flush with the cavity floor, was used. The pressure signal
obtained from the microphone was sampled at 200 kHz for 1.024 seconds and band-passed
through a 4th order analog Bessel filter.

To measurc the boundary layer aud shear layer characteristics in the case of the baseline

and the various control configurations, a hypodermic pitot probe attached to a Kulite (XCS-
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062-25D) transducer was used. The pitot probe had an internal diameter of 0.1016 nmm
(0.004 in.) and external diameter of 0.2032 mm (0.008 in.). The mean value of the signal
measured by the miniature probe at a point was used to calculate the stagnation pressure
and subsequently, the axial velocity, at that point. For the current experiments, using
the miniature pitot probe, the boundary laver at the upstream edge of the cavity was
measured to be 0.8 mm thick at M = 0.6. Due to spatial resolution limitations, it was not
possible to reliably measure the change in the bonndary layer thickness at the other Mach
numbers. For this reason, the boundary layer thickness at M = 0.6 will be referred to as
the nominal boundary layer thickness, . Note that the comparison of the experimentally
measured boundary layer profiles with the 1/7 power law revealed that the boundary layer

was turbulent at all the Mach numbers.

IV. FORMULATION OF THE LINEAR STABILITY PROBLEM
A. The Rayleigh Equation

In an effort to understand the physical mechanisin that results in acoustic suppression
of cavity flow resonances using the cylinder in crossflow configuration, one of the conjec-
tures that have been put forward is that this configuration alters the mixing layer type
mean velocity profile of the baseline configuration to one that is more stable. The stabil-
ity of compressible, inviscid shear layers have been studied extensively in literature(see, for
instance, Lees and Reshotko3? or Michalke3*34).

In order to arrive at the stability equation for an inviscid, compressible flow assuming it

to be two-dimensional and locally parallel, we decompose the perturbation pressure, p, as:

P g 0= plg)e ™, (2)

where p is the instability pressure eigenfunction that is dependent on the transverse co-
ordinate alone, « is the streamwise wavenumber and w is the circular frequency of the
instability. Substituting this decomposition into the linearized continuity, momentum and

energy equations, we arrive at thie compressible Rayleigh equation given by:

20 du 1dp) dp 9 9_ 27 .~
— el e — N / =0. A
{ = = = } {a Ip(u}-f-au)}p—O (3)

d*p
2 dy

dy




In equation (3), terms with an overbar denote time averaged quantities. Equation (3)
is the two-dimensional, compressible Rayleigh equation in its nondimensional form. The
nondimensionalization has been done as follows: the density p and the streamwise velocity,
u, have been nondimensionalized using the freestream density and the freestream velocity,
oo and Uy, respectively; the pressure has been nondimensionalized using po,U2 ; the lengths
are nondimensionalized using the cavity depth D; the streamwise wavenumber, «, has been
nondimensionalized using length scale D; angular frequency, w, has been nondimensionalized
using D/Uy. M is free streain Mach number. For a more detailed discussion, in addition to
results pertaining to the adjoint equations and the biorthogonality relations, the interested

reader is referred to Rowley®.

B. Boundary Conditions

Given the coordinate axes setup as shown in figure 2, and the nondimensionalization
b

scheme, the region of integration extends from y = —1 to y — 00. Practically speaking, ‘oo

is taken to be a large enough nuinber such that the mean flow properties are uniform at this

distance. At y = —1, we use the wall boundary condition, which is given by:
dp
iy at y (4)

The boundary condition at y — oo requires the pressure p to be bounded. Since at y — oo,
u = p = 1, equation (3) breaks down into a simple, constant coefficient second order

differential equation. The solution to this equation that is bounded at oo is:

k= A=Y, (5)

where A = \/ a2 — M? (w + a)®. Equations (4) and (5) are the boundary conditions necessary

to solve Rayleigh equation given by equation (3).

C. Mean Velocity and Density Profiles

For a shear flow between two fluids that have the sane velocity magnitude and oppo-
site direction, the mean velocity profile lias traditionally been described using a hyperbolic

tangent type equation. For shear flows of the kind pertinent to the cavity flow problem,




given that the velocities of the two fluids are not equal in magnitude, the mean streamwisc

velocity profile is given by the equation:

) = -;- [1 bitaah {MH , (6)

where 4, is the vorticity thickness of the shear layer and the term SLysy accounts for the
transverse offset (if present) of the shcar layer. For the cavity tone suppression expcriments
described in the current paper using a cylinder in crossflow, the velocity deficit induced by
the bluff body introduces a wake downstream of the cylinder. The mean velocity for this
suppression configuration is a hybrid of the traditional shear layer velocity profile given in

equation (6) and a wake profile, and is given by:

v N
Bl = -;— [1 + tanh {2(31+5—M}] — Woinpt s l— {%} ] : ()

Equation (7) is a combination of the traditional hyperbolic tangent and Gaussian distribu-
tions, which simulate the mixing layer and wake parts of the velocity profile respectively, and
shall henceforth be referred to as the hybrid profile. In this equation, Wamp, Worr and Wiig
represent the wake amplitude, the wake offset and the wake width respectively. Figure 3
shows a sample hybrid velocity profile with the various profile parameters given in equation
(7) indicted. A siilar expression was used in the work by Koochesfahani and Frieler3® in
order to study the stability characteristics of a plane mixing layer which took into account
the wake component of the initial velocity profile. This wake component in their work was
produced due to the use of a splitter plate to separate the fast and slow moving flows.

The mean density distribution, g (y) is, in general, dependent on the flow Mach number
and its mean velocity and temperature distribution and can be assuined to follow a Crocco

relation which was given in Tam and Block?? as:

-1

5= %(7—1)(1—112)MQ+1 . (8)

However, for the moderate Mach numbers that are considered in this work, the density
distribution has been assumed to be uniform, i.e. p = 1. This was the same assumption
that was used in Rowley, Colonius and Basu*!, where flow Mach nuinbers up to M = 0.80
were considered. In the work of Panickar’’, it has been shown that at the lower compressible,
subsonic Mach numbers, the stability results obtained using either of these mean density

distributions are comparable.
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Equation (3), subject to boundary conditions (4) and (5) is a differential eigenvalue
problem. For spatially dcveloping shear flows, it has been shown in Michalke® that the
spatial formulation of the eigenvalue problem is appropriate and that is the approach we use
for this paper. For thc spatial stability problem, we look for solutions to (3) that oscillate
sinusoidally in time but grow or decay exponentially in space. In mathematical terms, given
the normal-mmode decomposition in equation (2), this means that for a given w € R we look
for a € C where R and C arc the sets of real numbers and complex numbers respectively. If
Im (o) < 0, the solution grows exponentially in space and the eigenvalue and eigenfunction
corresponding to such a solution is referred to as an unstable or undamped eigenvalue and
eigenfunction respectively. Conversely, if Im (a) > 0, the solution decays spatially and the
eigenvalue and cigenfunction corresponding to such a solution is referred to as a stable
or damped eigenvalue and eigenfunction respectively. In this paper, we restrict ourselves
to finding only the unstable/undamped eigenvalues and cigenfunctions. These unstable

eigenvalues are computed using the shooting method.

V. RESULTS AND DISCUSSION
A. Results from Acoustic Studies

Flow over a cavity can produce discrete tones over a very wide range of parameters of
cavity dimensions and freestream Mach numbers. However it is not always that these tones
are produced by the mechanism based on the acoustic feedback loop explained in §ITA.
For deep cavitics with L/D < 1, or for M < 0.2, the tones are produced due to normal
inode resonance (Tam and Block?®). Under certain conditions the cavity flow is prone to
an absolute instability - also known as the wake mode (Gharib and Roshko??, Forestier,
Jacquin and Geffroy*® and Rowley, Colonius and Basu®!). Morcover, even if the tones are
produced due to the acoustic feedback loop, external parameters can affect the primary
mechanism depending on the experimental configuration. If the freestreain flowing over a
cavity is obtained by a jet, one could encounter a jet-cavity interaction problemn, which is a
separate category by itself (Raman, Envia, Bencic??). One simple way to check if the tones

obtained in the present experiments are indeed canonical cavity tounes is by making sure

that the tones follow the staging behavior as characterized by the Rossiter’s phase locking
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formula given in equation (1).

Figure 4 shows the frequeney staging phenomenon assoeiated with the cavity tones along
with the theoretical predictions based on the Rossiter formula given in equation (1). The
conventional values of k and v are 0.58 and 0.3'®. However for the present set of data,
x = 0.75 and v = 0.30 are found to give the best fit. The experimental data are in good
agreement with the theoretieal predietions especially at higher Maeh numbers. For a lower
Mach number however, the eavity tone frequency seems to drift away from the theoretical
predietions. This is in agreement with the work of Tam and Block?®, who showed that
at these lower Mach numbers, the cavity physics is dominated by normal mode resonance.
For the remainder of this subsection we shall present results from experiments where the
freestream Mach number M > 0.5, and the experimentally measured resonant frequencies
agree well with Rossiter’s phase locking formula. Thus, we are assured that the cases under
study are indeed feedback-reinforced resonant eavity tones.

Figure 5 shows a comparison of the acoustic spectra at A = 0.6 for the baseline configu-
ration and two representative control configurations A.2 and A.6. The X-axis is represented
nondimensionally in terms of the Strouhal nimber based o the cavity depth St = {T—D: an
equivalent dimensional frequeney measure (in kHz) is also provided as an alternate a‘b:cissa
on the top of each spectral plot. The dominant frequeney in the baseline speetrum (f ~ 3.1
kHz, Stp ~ 0.20) agrees well with the theoretically predicted first Rossiter mode. Figure
5(a) shows the spectra over a frequency range up to 30 kHz. In this figure one can elearly
see the suppression of the eavity tone spike along with a reduction in broadband acoustic
levels achieved by both the eontrol configurations. Broadly speaking, figure 5(a) also shows
that the suppression levels achieved by the A.2 configuration are greater than those of the
A.6 configuration. Figure 5(b) shows the same speetra for a wider frequency range, up to
80 kHz. The instability frequeney corresponding to the colierent spanwise vortices shedding
from the eylindrical rods are seen in this figure at approximately 48 kHz (Strouhal number
based on cylinder diameter, Sty ~ 0.17). For the size of the eylinder and range of the
Maeh numbers we are working with, the operational range (Reynolds number based on the
eylinder diameter, Rey < 10%) of the cylinder is well below the eritical transition regime. In
this regime, it is well known that the frequency of the periodic shedding from the eylinder
remains approximately econstant at Sty ~ 0.2. The spectra in figure 5(b) show the spectra

of the eontrol configurations can be demarecated ito two regimes. The first regime is the
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low frequency regime where the acoustic levels of the control configurations are lower than
those in the baseline configuration. The second regime is the mid to high frequency regime
where the acoustic levels in the control configuration are comparable to, or as shown for the
speetra of the A.6 configuration, higher than, those in the baseline configuration. However,
it should also be noted that the vortex shedding occurs at a frequency that is more than
one order of magnitude higher than the frequency of the most dominant instability in the
baseline configuration, i.e. the first Rossiter mode.

Figure 6 shows the acoustic characteristics of the baseline configuration. The very high
tonal SPL values in this figure are indicative of thie strong feedback enhanced acoustic
resonance mechanism present in this baseline configuration. To measure the efficacy of
the cavity tone suppression device one of the most commonly used metrics is the overall
sound pressure level (OASPL). However in the present work, although tlie cylinder in cross
flow configurations suppress the cavity resonant tones, they add self noise at frequeuncies
corresponding to Sty ~ 0.17 (the periodic vortex shedding frequency). This corresponds to
frequencies of approximately 40-70 kHz depending on the Mach number of the flow. For
this reason, the OASPL is not suitable for the present study since it is independent of the
frequency range. In order to evaluate the effect of the cylinder in crossflow configurations
on the cavity tones from a scientific standpoint, one must exclude the self noise of these
configurations from the cavity tones. Hence we introduce a metric, SPLyry,, which we

define as:

20 kHz

> 7

GP Lsisie= 2o [— s 9)

Pref

L -

where pres = 20puPa. As can be seen in figure 6, the difference between SPLjoky, and the
OASPL for the baseline configuration is marginal (< 0.3 dB), which reinforces the conjecture
that the majority of the cavity flow acousties for this configuration are mainly concentrated
at frequencies below 20 kHz. It is also found that even though changing the Mach number
changes the frequency of the cavity tones (see figure 4), the SP Log s, value does not change
considerably and remains within the narrow band of 156 to 158 dB.

Figure 7 shows results for the cavity tone suppression as a function of the gap, g/d,

and the Mach number, M, where, as mentioned earlier, 4 is the nominal boundary layer
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thickness. The data presented in figure 7 have been acquired at finer increments of the
gap g than tabulated in table I. This is done in order to better determine the optimal
cylinder location from the point of view of acoustic suppression. The Y-axis is represerted
as the change in the SPLjgy. mmetric between the baseline configuration and the control
configuration under consideration, with positive values of ASP Loy, indicating an acoustic
suppression by the control configuration. Figure 7(a) shows results for the cylinder placed
at r/d = —1.59 (cylinder location ‘A.x’ in table I), whereas figure 7(b) corresponds to the
cylinder placed at x/d = —6.35 (cylinder location ‘B.x’ in table I) from the cavity leading
edge (x=1, 2, ..., 6). In both figures 7(a) and 7(b), at all the Mach numbers, the suppression
characteristics show a similar trend with respect to changing the gap g/é. Starting with the
cylinder location having the largest g/9, it is seen that reducing the gap between the cylinder
and the ground, at a given Mach number, increases the efficacy of the control configuration
in suppressing acoustics of the baseline configuration. This trend continues until it reaches
a maximum after which any further decrease in the gap reduces the suppression provided
by the control configuration at that particular Mach number. It is seen that at g/§ = 0.5,
i.e. when the cylinder is resting on the ground, the acoustic suppression provided by the
control configuration at a particular Mach number is markedly lower than when there is gap
between the cylinder and the ground. Figurce 7 also indicates that as the Mach number is
increased, the eflicacy of the cylinder in suppressing the cavity tones detcriorates. Finally,
it can be concluded that for a majority of the cascs, moving the cylinder upstream reduces
the efficacy of the cylinder in suppressing the cavity tones.

As far as the optimum location of the cylinder is concerned, one of the pertinent ques-
tions is, which parameter is more sensitive for cavity tone suppression: moving the cylinder
upstreain or raising the cylinder above the ground? A comparison between figure 7(a) and
(b) shows that raising the cylinder above the ground is more sensitive in suppressing the
cavity tones. For examnple consider the M = 0.5 case at g/6 = 1.14. Moving the cylinder
upstream by approximately 5 equivalent cylinder diameters (5d) in the X direction recuces
suppression by approximately 1 dB. However moving the cylinder in the transverse (V') di-
rection by ~ 5d reduces the suppression by nore than 5 dB. As far as the optimuin location

in the Y direction is concerned, Ukeiley et al.?®

suggest that the cylinder should as high
as possible, yet completely contained within the boundary layer. Stanek et al.?® claim that

the optimum gap between the cylinder and the ground should be 2/3rd of the boundary
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layer thickness, which corresponds to g/0 = 1.16 for the current experiments. In the present
study we found the optimum gap ¢/d to be 1.14. Since, each of these studies pertain to a
different cylinder diameter, further work needs to be done with different cylinder diameters

to find more accurate and universal optimum Y location.

B. Stability Characteristics of the Synthetic Profile

As mentioned in §II C, one of the goals of the present study is to investigate the stability
characteristics of the experimentally measured velocity profiles as the cylinder location is
varied in the X and Y direction. However, as opposed to the stability characteristics of
the classical shear layer velocity profile given in equation (6) the stability characteristics
of the hybrid profile given in equation (7) have not been studied extensively. Rather than
constructing a hybrid mean velocity profile with arbitrary values of the profile parameters, we
selccted the mean profile corresponding to the control configuration A.5 and using equation
(7) fitted a curve to this profile in order to arrive at optimal values of the profile parameters
SLofs, 0wy, Wamp, Wopp, and Wy,g. Similarly, equation (6) was used to fit a curve to the
experimentally measured mean velocity profile of the baseline configuration and arrive at
optimal values of SLyss and 6, for this configuration. These profiles, obtained by fitting
theoretical curves to experimental data, are referred to as the principal profiles. Note that
the choice A.5 case is not motivated from its acoustic suppression characteristics; it is
chosen because the velocity profile of A.5 case was easy to modify-due to its symmetrical
and clearly discernible wake. The stability characteristics of these principal profiles were
obtained by solving the spatial eigenvalue problem given by (3) for various values of the
frequency w, using the shooting method. This method requires a starting guess for a in
order to initiate an iterative solver (the Newton-Raphson imethod) which, in turn, provides
an optimal value of the eigenvalue a. In the case of the principal profile corresponding to the
baseline configuration, the eigenvalue for the starting guess was obtained using a vortex-sheet
model at the given Mach number. Since a vortex-sheet model corresponding to the hybrid
profile was not available, the eigenvalue for the principal profile corresponding to the A.5
configuration was obtained using a trial-and-error method. Once the unstable modes of the
principal profiles were obtained, we then paramctrically varied the shape of these principal

profiles to produce various synthetic profiles. The instability modcs of these synthetic profiles



were obtained using the solutions of the principal profiles as the initial guess. All the stability

calculations were perforined for a freestream Mach number of M = 0.6.

1. Erxistence of Multiple Instability Modes

The unbounded free shear flow described by a tanh type curve is known to have only one
instability mode (Rowley®®). However, when simmulated experimentally, the mean velocity
comprises of the wake of the splitter plate wake superimposed on the shear layer, typical of
the the hybrid profile given in equation (7). Koochesfahani and Fricler*® studied the stability
of such profiles. They showed the cxistence of two inodes, which they terined as the shear
layer mmode and the wake mode, for such hybrid profiles. The shear layer mode had a larger
instability growth rate and it’s eigenfunction had a single peak that was aligned with the
midpoint of the shear layer. The wake mode had two peaks placed across the wake part of
the hybrid profile. The streakline pattern revealed that the shear layer mode was sinuous
whercas wakc mode was varicose in nature. Here, it niust be noted that the wake mode
described in the Koochesfahani and Frieler?® is different from the wake mode described in
the work of Gharib and Roshko®?, Rowley, Colonius and Basu®! and Forestier, Jacquin and
Geffroy*°.

Although the velocity profiles in the present study have the same hybrid forin, they differ
in their boundary condition, i.e., the velocity profiles in the studies of Koochesfahani and
Frieler are unbounded, whereas in the present case they are bounded on one side by tlie cavity
floor. Here, the discussion regarding the existence of multiple unstable modes is relevant
because the shooting method provides only one solution at a time. In the current work, this
issue is addressed with the help of principal profile A.5 and its synthetic variants. Changing
the initial guess by a trial-and-error method, we were able to find two unstable modes for the
principal profile corresponding to this configuration. Figure 8(a) shows the experimentally
measured mcau velocities (shown using open syinbols) for configuration A.5 along with tlhe
best fitting curve for this configuration (indicated by the solid curve) obtained using equation
(7). The empirical parammeters that describe the shear layer and wake parts of the hybrid
mean velocity profile are also shown in this figure. Two sample eigenfunctions corresponding
to the two unstable modcs obtained for this principal profile are shown in figures 8(b) and

(c). These eigenfunctions have beecn normalized by the maximuimn amplitude of the pressure
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eigenfunction in the domain. As seen from tlie figures, out of the two unstable modes, one
mode has a double lobed peak aligned with the wake part of the profile. We refer to tlis
unstable mode as eigenmode ‘I (8(b)). The other unstable mode, has its peak aligned with

the shear laycr part of the profile. This unstable mode will be referred to as eigenmode “IT°

(8(c))-

2. Phase Velocities and Growth Rates of Synthetic Profiles

We begin by studying the effect of changing the wake amplitude parameter. W,,,,, in
equation (7). Figure 9(a) shows a few sample synthetic variants(obtained by varying pa-
rameter Wyp,,) of the principal profile corresponding to the control configuration A.5. These
synthetic variants can be experimentally obtained as one moves downstreain along a wake;
the further downstream one goes, the lower the value of W, obtained (although, in prac-
tice, the reduction in wake amplitude as one moves further downstreamn along a wake is
accompanied by a larger wake width in accordance with the law of conservation of momen-
tum; additionally, for our configurations, the presence of a ground adjacent to the wake on
one side adds to the complexity of the flowfield). As far as the growth rates of the two
unstable modes is concerned, it is observed that as the velocity deficit in the wake reduces,
i.e. as Wy, decreases, the instability growth rate of eigenmode I keeps decreasing as shown
in figure 9(b). This behavior is expected since it can be seen from equations (7) and (6)
that when Wom, = 0, the hybrid velocity profile reverts back to being a classical shear layer
profile. Since the classical shear layer profile has only one unstable mode it makes sense
that eigenmode I would cease to exist when the wake is eliminated. As far as the phase
velocities for this mode are concerned, it is seen from figure 9(b) that the phase velocities
increase marginally as the wake amplitude is reduced, although for a given value of W,
the phase velocities remain approximately constant over almost the entire frequency range.
In contrast to the behavior for eigenmode I it is scen that the growth rates for eigenmode 11
remain fairly unchanged as W, is varied, as shown in figure 9(c). This is to be expected
since eigenmode II is dependent on the shear layer characteristics rather than the wake
characteristics. The phase velocities for this eigenmode initially increase with an mcrease
in the instability frequency before reducing and remaining constant at approximately half

the freestream velocities (U. = 0.5U,) for the higher instability frequencies. Comparison
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between figures 9(b) and (c) also show that growth rates of eigenmode II are substantially
higher than that of the eigenmode I.

Next, we create synthetie profiles by changing the values of the wake width parameter,
Wid, il equation (7). Some sample profiles illustrating this behavior are shown in figure
10(a). Such mean profiles could be experimentally generated by using cylinders of different
diameters. The instability growth rates for modes I and II for these profiles are shown
in figures 10(b) and (e) respectively. It can be seen from figure 10(b) that as the wake
becomes wider, i.e. as W4 increases, the frequency range and the maximum amplitude of
the instability growth rate for mode I reduces. On the other hand, the instability growth
rates for mode II remain unchanged. This figure shows that as W,;; becomes narrower,
for all other parameters remaining the same, the growth rate of mode I becomes greater
than that of mode II. For mode I, as seen from figure 10(b), the phase velocities at a given
value of W4 inerease as the frequency increases. Additionally, as W4 increases, the phase
velocity at a given frequency is greater for a eonfiguration with a wider wake. In the case of
mode II, for various values of W4, the phase velocities are identical at higher frequencies.
At lower frequencies, the phase velocity deceases as W4 decreases.

Changing the wake offset paraineter, W, physically moves the wake towards or away
from the shear layer. Synthetie profiles indieating this behavior are shown in figure 11(a).
Mean profiles of this kind can be experiinentally generated by chauging the gap, g, between
the cylinder and the cavity. The instability growth rates for modes I and II for the profiles
shown in figure 11(a) are shown in figures 11(b) and (c) respeetively. It is seen that the
growth rate of the instability mode I is unchanged as long as the value of Wy, is sueh that
the wake and the shear layer remain separate. However, onee this eondition is no longer
valid, it can be seen that the more velocity deficit of the wake lies within the shear layer,
the smaller the mmaximum amplitude of the growth rate of, and the smaller the range of,
the instability frequeneies eorresponding to instability mode . Similar results are seen in
the case of instability mode II (figure 11(e)) wherein the growth rates for this inode remain
unchanged as long as the wake and the shear layer remnain separate. It is seen that as
the values of W, are systematically reduced, it becomes difficult to obtain two distinct
instability modes; refer to the curve corresponding to Wys; = 0.10 where stability results
are only obtained for mode II. Thus, merging the wake and the shear layer leads to a merging

of the growth rate echaraeteristies of modes I and II. The phase veloeities for both modes
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are observed to be close to half the frcestream velocity at higher frequencics. At lower
frequencies, it is seen that the phase velocities of mode II are higher than those of mode I.

The effect of changing the vorticity thickness of a classical tanh-type shear layer profile
given by equation (6) is well known. These results, which may be found in the references

cited in the beginning of §IV, can be summarized as follows:

1. Starting with the vortex-sheet model (é,, = 0) which is unstable at all frequencies,
increasing the vorticity thickness causes the shear layer to be unstable to a finite range

of frequencies. This frequency range reduccs as the vorticity thickness is increased.

2. As the Mach number increases, the maximum growth rate keeps reducing until at
a high enough Mach number the shear layer is no longer spatially unstable at any

frequency.

Figure 12 shows the effect of changing the vorticity thickness (4,,) of the classical tanh-type
shear layer profile, on the growth rates of the first two Rossiter modes at St = 0.19 and
St = 0.4. It is seen that, for both first and second Rossiter modes, increasing &, first
increases the growth rates, until they achieve a maximum value, following which any further
increase in 6, leads to a reduction in the growth rate of these two Rossiter modes. Here
compared to the first mode, the second Rossiter mode shows fast variation, especially with
respect to the drop in the growth rate at higher values of é,,. For small é,, values, the growth
rate of second Rossiter modc is higher than first; this trend reverses for é, > 0.24.

For the hybrid profile, figure 13(a) shows nean profiles obtained by changing the vorticity
thickness parameter, d,, in equation (7). Figures 13(b) and (c) show the instability growth
rates of modes I and II respectively. Here it is seen that the growth rates of the instability
mode I remain largely unchanged as the vorticity thickness is changed (figure 13(b)). On
the other hand, as shown in figure 13(c), the growth rates of instability mode II changes in a
manner that is consistent to the changes that occur in classical shear laycr type profiles. For
mode I, as shown in figure 13(b), the phase velocities are identical for the entire frequency
range for all values of é,,. As far as mode II is concerned, for a given value of 4,, the phase
velocities at the higher frequencies are remain fairly constant. At the lower frequencies, the
phase velocities are higher for lower valucs of the vorticity thickness. Both, modes I and II,

have nearly identical phase velocitics (half the frecstrcam velocity) at the higher frequencies.
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The stability characteristics of synthetic profiles obtained by changing the value of the
SLogs parameter are similar to the ones obtained by changing the W,;; parameter. This is
because a change in either of these parameters leads to a change in the physical location of the
wake with respect to the shear layer. Hence, in the interest of brevity, the characteristics of
the profiles obtained by changing SL,; have not been separately discussed. Similarly, if both
SLess and W,sy are simultaneously changed such that the resultant mean velocity profile
is a linear translation of the original profile, the stability characteristics of this resultant
profile, for, both, modes I and II, are identical to the original profile.

The stability calculations indicate that as long as the velocity defect due to the wake
is physically located such that it does not interact with the shear layer, instability modes
I and II are distinct and the growth rates and phase velocities of both these modes can
be obtained. As the wake starts merging into the shear layer, the growth rates of both
instability modes I and I become comparable. Hybrid mean velocity profiles where the
wake and shear layer parts of the profiles are merged to some extent can be experimentally
obtained for cylinder locations having smaller gaps; this will be shown in greater detail in
the §V C. For configurations where the velocity deficit due to the wake is merged with the
shear layer to a much larger extent, it becomes difficult to distinguish two separate modes I
and IT as was shown in figure 11. It was found that as long as the wake and shear layer parts
of a given hybrid profile were physically separate, mode I was sensitive to the changes in the
wake, but insensitive to the changes in the mixing layer; conversely, mode Il was sensitive

to the changes in the shear layer, but insensitive to the changes in the wake.

C. Study of Experimentally Measured Velocity Profiles
1. Mean Velocity Measurements

We now turn our attention to the results obtained by mean velocity measurement exper-
iments for the baseline and control configurations. Figure 14 shows mean velocity profiles
measured at the spanwise center of the cavity (z = 0) at a streamwise location, z = 0.08,
for the baseline and control configurations. The streamwise location is sufficiently close to
the upstream edge of the cavity that the profiles measured at this location, when used for

spatial linear stability calculations, would provide reliable ineasures of growth rates of the
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instabilities affecting the cavity flow physics. The mean velocities measured for the control
configurations listed iu table I, as well as for the baseline configuration, are shown by open
faced symbols in figures 14(a) and (b). The solid lines in these figures are the curve fits to
the measured velocity profiles obtained by using equations (6) or (7), as applicable. Starting
with the profile shown at the bottom, which corresponds to the baselme coufiguration, each
successive profile is shifted by one unit on the Y-axis in order to facilitate ease of viewing.
When the cylinder is located on the ground upstream of the cavity (configurations A.1
and B.1), the mean velocity measurements are once again well predicted using a hyperbolic
tangent type equation given by (6), similar to that for the baseline configuration. The
principal difference between the mean velocity profile curve fits for configurations A.1 and
B.1 versus the baseline configuration is that the shear layer offset parameter, SL,;;, is
much larger in the case of the former configurations as compared to the latter configuration.
This indicates that placing the cylinder on the ground not only inhibits the formation of a
wake, but also results in a transverse deflection of the shear layer above the cavity, which
nevertheless develops in accordance with the classical hyperbolic tangent type equation
given by (6). As we move progressively upwards, along the Y-axis of figures 14(a) and (b),
fromn the profile for configuration A.2 (or B.2), the location of the wake is seen to translate
in the transverse direction. This is an indication of the progressively larger gap between
the cylinder and the ground for each subsequent configuration. For smaller gaps between
the cylinder and the ground (configurations A.3, A.4, B.3 and B.4), the wake is seen to
be asynimetric. This is due to the fact that for these configurations some portion of the
the cylinder is located within, or very close to, the boundary layer upstream of the cavity
leading to unequal velocities above and below the cylinder. This asymmetry is not seen for
configurations having larger gaps (A.5, A.6, B.5 and B.6). Finally, it is seen that the mean
velocity profiles corresponding to cylinder locations further away from the upstream edge
of the cavity (figure 14(b)) have more diffused wakes than those corresponding to cylinder
locations closer to the upstream edge of the cavity (figure 14(b)). When expressed in terms of
the parameters given in equation (7), this means that the magnitude of the parameter Wy,
is greater for the ‘A.x’ configurations than those for the corresponding ‘B.x’ configurations.
Figure 15 shows the mean velocity profiles at various streamwise locations for the baseline
and control configurations. These measurements were taken along the spanwise center of

the cavity (2 = 0). As one moves downstream, the shear layer becomes thicker and the wake
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starts diffusing. As expected, the baseline and A.1 configurations do not show the presence
of a wake at any of the streainwise locations. For configuration A.2 it is seen that the wake
completely merges with the shear layer within a short distance from the leading edge of the
cavity; in contrast, for configurations A.4 and A.6, the signature of the wake is observed for
a larger streamwise distance. The uncertainty analysis of one of the velocity profiles, i.e,
Baseline velocity profile measured at x = 0.72, showed that the the data that lay outside of
the cavity is highly consistent, i.e., the errors are less than 2%. The repeatability of the data
reduces as one moves inside of the cavity, although the error never exceeds 10%. !!Note that
for the case A.6, when the wake is out of the influence of the shear layer, the development
of the wake in terms of its decay rate ctc., closely follow the classical turbulence theory?*3.
This suggests that at a sufficient distance away from the shear layer the wake develops as a
separate entity. In conjunction with the results presented in figure 12, one can argue that
merging of the of the wake with the mixing layer can make the shear layer thick enough
so that at some point even the Rossiter modes cannot be amplified. In that case it is not
the growth rate at ome location but the integrated growth rate that would determine the
amplification of a disturbance at the upstream edge of the cavity. These integrated growth

rates are calculated in the following section.

2. Stability Results for the Measured Profiles

We now present results from our investigation of the stability charactcristics of the exper-
imentally measured mean velocity profiles shown in figures 14. Figure 16(a) and (b) show
the growth rates for instability modes I and II respectively for cylinder locations close to the
upstream edge of the cavity (locations ‘A.x’ in table I). Note that for configurations A.1
and A.2, the wake is either nonexistent or is merged with the shear layer to such an extent
that only instability mode II exists. For mode I, figure 16(a) indicates that configurations
with large enough gap, such that the only effect of changing the cylinder location is to shift
the location of the velocity deficit of the wake in the Y direction (configurations A.5 and
A.6), have similar growth rates. For these configurations, the amplitudes of the velocity
deficit region of the wake were similar, as was shown in figure 14(a). Ou the other hand, the
growth rates of mode I for configurations A.3 and A.4, where the velocity deficit produces

wakes having smaller amplitudes, are much smaller than for configurations A.5 and A.6.
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For mode II, figure 16(b) shows that as the gap between the cylinder and the ground is
increased, the growth rates for the configurations A.5 and A.6 become increasingly similar
to that of the baseline configuration. This is to be expected since a larger gap will allow
for the flow underneath the cylinder to develop similar to the bascline as though the flow
did not sense the presence of the cylinder. For configurations A.3 and A.4 the intcraction of
the cylinder with the boundary layer upstream of the cavity results in a pseudo-thickening
of the shear layer; the growth rates of mode II for these configurations are indicative of the
result of this thickening of the shear layer. For configuration A.2 the gap is even smaller and
the wake is barcly discernible downstrcam of the cylinder; this rcsults in the formation of
the thickest shear layer (amongst all the ‘A.x" configurations) at thc measurement location
and, consequently the lowest inaxunum growth ratc. For configuration A.2, the lofting of
the shear layer results in the formation of a slightly thinner shear layer (as compared to the
baseline configuration) at the measurement location. This is reflected in the growth rate
characteristics for this configuration (range of instability frequencies and maximum growth
rate being slightly larger than the baseline configuration).

For cylinder locations upstreain of the leading edge of the cavity (locations ‘B.x in table
[), the growth rates of instability modes I and II for the expcrimentally measured profiles
are shown in figure 17(a) and (b) respectively. Once agaiu, only instability mode II is shown
for configurations B.1 and B.2.  As explaincd in reference to figure 14(b), the location
of the cylinder allows for a greater development of the wake; this is indicated by mcan
velocity profile measurements which show a more diffuse wake that has a smaller amplitude
and larger width. As indicated in §V B, a reduction in the the wake amplitude results in
the reduction in the maximuin growth rate for mode I. This can be seen by comparing the
growth rates for configurations B.5 and B.6 (in figure 17(a) to those for configurations A.5
and A.6 (in figure 16(a)); as expected, the growth rates for the former are much sinaller
than those for the latter. As the cylinder is brought closer to the ground, the wake region
begins merging with the shear layer region leading to the production of wakes having smaller
amplitudes, as seen for configurations B.3 and B.4. Hence, for these configurations, in figure
17(a), trends that are consistent with configurations A.3 and A.4 (where a similar merging
of the two regions occurred), are observed; the configurations closer to the ground (B.3 and
A.3) have simnaller maxiinuin growth rates and range of instability frequencies compared to

the configurations further away (B.4 and A.4). For iustability mode II, figure 17(b) shows
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that when the cylinder is placed on the ground, it acts as a boundary layer trip, thickening
the boundary layer compared to the baselinc configuration, and leading to a correspondingly
thicker shear layer downstream of the leading edge of the cavity. For this reason, the growth
rate for configuration B.1 has a mueh smaller growth rate and instability frequency range
compared to the baseline. As the eylinder is moved in the transverse flow direetion, the
flow underneath it tends towards that of the baseline which in indicated by the growth rate
of mode II getting closer to tlic baseline for eonfigurations B.5 and B.6. For configurations
B.3 and B.4, the merging of the wake and shear layer regions leads to a perceived increase
the vorticity thickness of the shear layer. This results i1 the growth rates of mode II for
these configurations being smaller than that of the baseline as well as the B.5 and B.6
configuration, although not as small as the B.1 configuration. For configuration B.2, where
the wake and shear layer regions are merged to a large extent, the maxinmum growth rate
amplitude is similar to the baseline; however this configuration also has the smallest range
of instability frequenecics.

To get an insight into the trends of instability mode II, we focus ou the relation between
the vorticity thickness, d,, of the mixing layer part of the profile and maximum growth
rate for a given value of 4,,. This relation is shown in figure 18 for the synthctie profiles
and for the experimentally measured profiles. This figure also shows the variation of the
maximum growth rate of synthetie variants of the bascline profiles as a funetion of d,,. It is
seen that tlie maximum growth rate is inversely proportional to the vortieity thickness. One
can also see that growth rate is especially sensitive at smaller values of d,,; for large values
of parametcr d,, there is very little variation in the maximum growth rate. The data for the
cxperimentally measured profiles is in agreemcnt with the trend for the synthetic profiles.
Thus, comparing stability envelopes of mode II in figures 16(b) and 17(b), and the trend for
the maximum growth rate in figure 18, it ean be eoncluded that the vorticity thickness of the
shear layer part of the hybrid profile dictates the stability of mode II of the experimentally
measured profiles, independent of the presence of the wake. A similar conclusion cannot be
drawn with respect to mode I sinee the stability of this mode is affected by changes to both,
the wake amplitude as well as the wake width.

Now we turn our attemntion to the intcgrated growth rates for the experimental velocity
profiles. The amplitude of a given instability mode is caleulated by integrating the complex

growth rate a; over the streamwise locations. For the pressure cigenfunctions calculated in
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the current study, this is given as:

5(2,4) = (y) exp (z‘ i adw) . (10)

where in accordance with our parallel flow assumption, « is supposed to be eonstant. How-
ever, as seen froni the streamwise velocity profile measurements in figure 15, thc experimental
flowfield is slowly diverging. This means that both, o as well as the eigenfunction p are ac-
tually slowly varying funetions of the streamwise position z. Figure 19 shows the integrated
growth ratcs for the eonfigurations shown in figure 15, i.e., baseline, A.1, A.2, A4 and A.6
profiles. These growth rates are based on numerical integration of the expression in equa-
tion (10) along the streamwise direetion. For eases A.4 and A.0, results for both mode I
and mode II arc shown. For rest of the eases, due to the absenee of discernible wake, only
stability mode II could be obtained. Figure 19(a) shows the growth of the first Rossiter
mode, whereas figure 19(b) shows growth of the second Rossiter mode. For both Rossiter
modes, the growth rate of the mode II is higher than that of mode I. Downstream of the
x = 0.25, the differenee between the stability mode I and II is alimost 100%, whieh is not
surprising knowing the results of the stability mode I and II in relation to the study of the
synthetic profiles. For all the configurations except A.4, the growth rate of the first Rossiter
mode is the same throughout the eavity length. For control ease A.4 the growth rates arc
higher, especially at downstream locations of the cavity. For the second Rossiter tone, there
seems to be no particular trend. For the baseline case downstreamn of x = 0.32, the second
Rossiter mode is not amplified. Control cases A.1, A.2 and A.4 show cousistently higher

growth when compared to baseline cases, whereas A.6 shiows the least growth.

D. Relevance to Cavity Resonance Suppression

As mentioned in the §II B, it has been suggested that the acoustie suppression benefits
provided by a cylinder in crossflow eonfiguration are a result of enhaneed stability eharaeter-
isties of its modified mean velocity profile. To this end, the primary objeetive of this paper
was to develop the spatial linear stability theory based on this modified mean velocity profile
and understand its role in the cavity resonance suppression bencfits. In the present study
the frequency of the most amplified Rossiter tone, from our experimental data, is found

to be 3.1 kHz at M = 0.6. This is equivalent to a Strouhal number (based on the eavity
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depth D), Stp = 0.20. Compared to this, the maximum frequency that can be amplified
in the baseline flow is typically 5 to 6 times the Rossiter frequency (refer to the stability
curve for the baseline configuration in figure 16(b)). For all the cylinder locations tested,
the baseline cavity Rossiter mode frequency always lies within the range of unstable fre-
quencies. As far as the acoustic suppression characteristics are concerned, it is seen that the
A.2 configuration shows the maximum suppression in the sound pressure levels, compared
to the baseline, at all the Mach numbers. For this configuration, as shown in figure 16, only
the mode II instability could be detected. The maximum growth rate for this mode was
calculated to be much lower than the maxiinum growth rate of the baseline configuration.
This would indicate that if enhanced stability is the driving force behind cavity resonance
suppression achieved using the cylinder in crossflow configuration, it is manifested in the
form of a reduced amplitude of the maximum growth rate. However, it can also be argued
that since the most amplified frequency in the baseline conﬁguratioh is the Rossiter mode
at Stp = 0.20, then for the stability hypothesis to have some bearing on the cavity tone
suppression, one would expect to see a change in the growth rate atthis particular cavity
resonance frequency. At this point we would like introduce the notion of the cavity as a

control system. According to Rowley et al.%!

resonating cavity does not necessarily always
have to be an unstable system, wherein the shear layer growth rate is saturated duc to the
non-linear limit cycle processes. They showed that under certain conditions the cavity can
behave as a weakly damped linear system, wherein the integrated growth of the shcar layer
is propositional to its initial perturbation. For the forgoing linear stability analysis of the
shear layer to be valid it is impcrative that when controlled the cavity shear layer does not
saturate. This would imply that cases with large suppression would exhibit smaller inte-
grated growth, and cascs with small suppression would exhibit comparatively higher growth
at the Rossiter tone frequency. Contrary to our expectation one sees very little or no correla-
tion between the growth rates and the suppression data. This is because, as shown in figure
16(b), in the Strouhal number range up to Stp ~ 0.5 the growth rates for all the control
configurations differ only marginally from those of the baseline configuration. Calculations
of the integrated growth rates reveal that the baseline configuration and the configuration
showing the best suppression characteristics (A.2) have comparable instability magnitudes

for instability mode 1. This is true for both, the first as well as second Rossiter modes.

In present problem, apart form the shear layer stabilization, effects such as high frequency
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foreing and shear layer lift off are also present. The work of Sarpotdar and Raman®® and
Bastrzyk and Raman®®) investigated the issue of shear layer lift off in a great detail. They
fitted equation 7 to a number of experimentally measured velocity profiles for different
control cases to eharacterize the shear layer lift off in terms of the parameter SL,;s. They
found that the cases with higher acoustic suppression tended to have higher values SL,;.
Their work also showed that increased shear layer lift off was assoeiated with the reduced
impingement of the shear layer onto the trailing edge of the cavity. Since the impingement
of the shear layer can generate turbulence lengtli seales across the whole spectrum, the lift
off effect, and consequently the reduced immpingement of the shear layer, eould explain the
ability of the rod to reduce the broad band noise levels (see Fig.5). However, their results
eould not explain all the suppression trends reported in the present work, e.g., they were
unable to comment on the optimuin gap between the cylinder and the ground. This suggests

that multiple mechanisins might be play coneurrently in suppressing the eavity tones.

VI. CONCLUSIONS

As an actuator that provides eavity resonanee suppression, the eylinder in erossflow teeh-
nique holds promise. However, 1t is necessary to understand the physics governing this
resonance suppression meehanism in order to optimize actuator design for aehieving max-
imuin suppression performance. In the current paper, a detailed parametric study was
undertaken, with regards to actuator location, in order to better understand its suppres-
sion charaeteristies. A thorough examination of our acoustic data revealed the following
interesting points:

Starting from a gap, g = 4.5d (cylinder located in the freestream), reducing the gap
is found to enhance its suppression performance until an optimum gap is reached. Any
further reduction in the gap past this optimum leads to a deterioration in the suppression
performanee. In the present study the optimum gap is found to be g/é = 1.14 or g/d = 1.15.
For the eurrent study, it is found that the suppression characteristies of the eylinder in
erossflow configuration deteriorate as the freestream Maeh number is inereased. Finally,
moving the cylinder upstream also reduees the efficacy of the cylinder in suppressing the
eavity tones.

In order to understand the meehanism of resonanee suppression by the eylinder in cross-
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flow configuration, we studied the linear stability characteristics of the modified mean ve-
locity profile of this configuration. To this end, we developed the spatial, lincar stability
theory for nearly parallel, inviscid, compressible shear flows incorporating the modified mean
velocity profile relevant to this analysis. The equation for this modified mean velocity pro-
file, referred to as the hybrid profile since it is a comnbination of the classical shear layer
profile and a wake profile, contains five paraincters that were individually varied in order to
understand the effect of each parameter on the stability characteristics. Following this, we
examined the instability growth rates of experimentally incasured mean vclocity profiles in
an attempt to correlate them to our acoustic suppression results. The following interesting
results emcrged from the stability analysis:

The hybrid profile has at least two unstable modes; these two mmodes are referred to as
mode I and mode II (which correspond to the wake mode and shear layer mode respectively
in the Koochesfahani and Frieler®® study). Reducing the wake amplitude (i.e. the velocity
deficit associated with the wake) reduces the maximum growth rates of instability mode 1.
As the wake disappears fronr the velocity profile, mstability mode I ceases to exist, leaving
only mode II. This is consistent with established results which have shown that the classical
shear layer type flow has a single unstable mode.

The characteristics of instability niode IT are consistent with established characteristics of
classical shear layer type flows whose mean profiles arc governed by the tanh-type rclation.
Unless the shear layer region aud the velocity deficit region of the wake arc merged beyond
a certain extent, the stability characteristics of mode I are only affected by changes to the
wake part of the velocity profile; by extension, the stability characteristics of mode II are
only affected by changes to the shear layer part of the velocity profile.

For configurations having mean velocity profiles with umnerged shcar layer and wake
regions, the growth rate of mode II is greater than that of mode I. When the shear layer and
wake regions start merging, the growth rates of both modes becomne comparable. When these
two regions have merged to a large enough extent, mode I can no longer be independently
detected. For the baseline configuration, the Rossiter tone always lies within the range of
unstable frequencies. At the lower range of instability frequencies, the growth rates of all
the control configurations are nearly identical to that of the baseline. Despite the near-
constant growth rates, the suppression results vary greatly as the location of the cylinder 1s

changed. This suggests that the link between the cavity tone suppression and the influence
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of the cylinder on the shear layer stability is weak. However, other mechanisms for cavity

resonance suppression using the cylinder in crossflow configuration, such as high frequency

forcing and shear layer lift-off will need to be examined more closely before a conclusive

statement can be made.
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Configuration x/d g/d
Al -1.59 0.50
A2 -1.59 1.43
A3 -1.59 1.48
Ad -1.59 1.76
AD -1.59 3.15
A6 -1.59 4.40
B.1 -6.35 0.50
B2 -6.35 1.43
B.3 -6.35 1.48
B.4 -6.35 1.76
B.5 -6.35 3.15
B.6 -6.35 4.40

TABLE I: Streamwise and transverse locations of the cylinder for various configurations investi-

gated in the current work.
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FIG. 11: Effect of changing the wake offset parameter, Wy, in equation (7) on the stability
characteristics of modes I and II. (a). Sample hybrid mean velocity profiles showing the effect
of changing Wy, (b). Instability growth rates and phase velocities for mode I, (c). Instability

growth rates and phase velocities for mode II.
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FIG. 14: Experimentally measured mean velocities (o) fitted using the equation for the classical
tanh-type profile (6) or the hybrid profile (7) (——), as applicable. Starting at the bottom, which
shows the baseline profile, each successive mean profile is shifted by one unit in the transverse (Y)
direction in order to facilitate ease of viewing. (a). Mean profiles and curve fits for locations ’A.x’
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FIG. 15: Experimentally measured mean velocities (o) at various streamwise locations, fitted using
the equation for the classical tanh-type profile (6) or the hybrid profile (7) (——), as applicable.
(a). Baseline configuration, (b). Configuration A.1, (c). Configuration A.2, (d). Configuration A .4,
(e). Configuration A.6. Profiles measured along the streamwise direction at z = 0 for M = 0.60.

Refer to Table I for the configurational details.
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FIG. 16: Instability growth rates of (a). Mode I, and (b). Mode II, for the curve fits to the
experimentally measured mean velocities shown in figure 14(a). Refer to Table I for configurational

details.
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Mode II, for the curve fits to the

experimentally measured mean velocities shown in figure 14(b). Refer to Table I for configurational

details.

37



16— T . . T

: * Experimental profiles: A.x

. + Experimental profiles: B.x

-'_ ¢ Synthetic hybrid profiles

10 m Synthetic shear layer profiles

FIG. 18: Maximum growth rate of instability mode II of experimentally measured profiles and

synthetic profiles as a function of the vorticity thickness parameter 6,,.

o8



107 ¢

Baseline: étabilty Mode Il
A.1: Stabilty Mode |l

A.2: Stabilty Mode Il

A.4: Stabilty Mode I &
A.6: Stabilty Mode | *
A4: Stabilty Mode | *

A.6: Stabilty Mode | * .

+ % A% pbue@

J e =%
—
o
i

Baseline: Stabilty Mode Il
A.1: Stabilty Mode Il

A.2: Stabilty Mode I

A .4: Stabilty Mode I 3
A.6: Stabilty Mode | ]
A.4: Stabilty Mode | g ! ) 4
A.6: Stabilty Mode | *

o
§
+xA*PEO

J e *%dx

Lt

*.O
LA _

$ +++++ +
10°0—*—*—¢—LI—$—L1—¢—¢—LHL*—*—L*—-

0.5 1 15
(b) %

*
10 &
¢l

T T

FIG. 19: Integrated growth rates of instability modes I and II for the first two Rossiter mode

frequencies. Refer to Table I for the configurational details.



